The morphology of fish gills is closely linked to aerobic capacity and tolerance of environmental stressors such as hypoxia. The importance of gill surface area is well studied, but little is known about how the mechanical properties of gill tissues determine function. In some fishes, the bases of the gill filaments are surrounded by a calcified 'sheath' of unknown function. We tested two non-exclusive hypotheses: (i) calcified gill filaments enhance water flow through the gill basket, improving aquatic respiratory function, and (ii) in amphibious fishes, calcification provides support for gills out of water. In a survey of more than 100 species of killifishes and related orders, we found filament calcification was widespread and thus probably arose before the evolution of amphibious lifestyles in killifishes. Calcification also did not differ between amphibious and fully aquatic species, but terrestrial acclimation caused calcium deposition on the filaments of the killifish Kryptolebias marmoratus, suggesting a possible structural role when out of water. We found strong evidence supporting a role for filament calcification in enhancing aquatic respiratory function. First, acclimation to increased respiratory demands (hypoxia, elevated temperatures) induced calcium deposition on the filaments of K. marmoratus. Next, gentle removal of filament calcification decreased branchial resistance to water flow, indicating disruption of gill basket positioning. Thus, the mechanical properties of the gill filaments appear to play an important and previously unappreciated role in determining fish respiratory function.
Introduction
Gills are multi-functional organs that serve as the primary site of exchange between fish and the external environment. The size and structure of gills varies among species, usually reflecting differences in habitat or lifestyle. The branchial apparatus of all ray-finned fishes consists of four pairs of branchial arches, each bearing two rows of perpendicularly oriented filaments [1, 2] . The tips of the filaments from adjacent arches interdigitate and are positioned in very close proximity to each other, which forces the respiratory water flow through narrow channels between the gill lamellae that protrude along the length of the filaments. These lamellae are the main site of exchange between the fish and environment due to their large total surface area and very short water-blood diffusion distances [1, 2] . Athletic or hypoxia-tolerant fishes tend to have large gills relative to their body mass, while sluggish fishes have less gill surface area [2] [3] [4] [5] . The importance of gill size to the respiratory capacity of fishes has even led to the recent hypothesis that the adaptive responses of fishes to climate change are ultimately limited by gill surface area [6, 7] (but see [8, 9] ). Despite this focus on surface area, gill respiratory function is also dependent on other factors including the biomechanics of water flow over the gills, but the importance of this aspect of gill structure and function is not well understood.
Gill filaments are typically supported by a cartilage rod that joins proximately with the gill arch and runs the length of the filament [1] . However, a few species have specialized support structures. In amphibious mudskippers such as Periophthalmodon schlosseri, the gill filaments are branched at several points along their length, which is thought to prevent coalescence and maintain channels for air movement when these fish move onto land and the gills no longer receive buoyant support from water [10] . Ram-ventilating tunas have calcified filaments that are fused with neighbouring filaments several times along their length to maintain orientation in high water flows [11, 12] . A calcified 'sheath' surrounding the base of the cartilage filament rod has also been reported in a few other species, including stickleback and some cyprinids [13] . The calcified portion of the filament is clearly stiffer than the uncalcified cartilage, but the functional significance of this stiffness is unknown.
We tested two hypotheses to explain the function of calcified gill filaments in fishes. First, calcification may be important for maintaining position of the gills in the ventilatory water current, allowing the filament tips from one gill arch to remain interdigitated with the filaments from the adjacent arch. This branchial 'sieve' arrangement is essential to force inspired water to pass between the lamellae. Otherwise, if the filaments of neighbouring arches bend and separate in the ventilatory current, inspired water will follow the path of least resistance and escape between the gill arches bypassing the lamellae [2] . We also tested the hypothesis that calcification of the gill filaments is a structural adaptation to support the gills of amphibious fishes out of water. We first discovered filament calcification in the gills of several amphibious killifishes that regularly leave water [14] . In these species, calcified gill filaments may prevent filament collapse and coalescence in the absence of other morphological adaptations such as the branching structure described in mudskippers [10] . Of course, amphibious fishes could also benefit from the hypothesized respiratory function of calcified gill filaments while in water, especially considering amphibious fishes often live in extremely hypoxic aquatic habitats [15] .
To understand how widespread gill filament calcification is in fishes, we used a phylogenetic comparative approach and investigated gill structure in 106 species. We focused on the killifishes (Cyprinodontiformes), as these fishes occupy a wide variety of habitats and ecological niches that may select for different gill characteristics [16, 17] . Furthermore, amphibious lifestyles have evolved independently several times in this group [17] . To test the terrestrial support hypothesis, we first compared the extent of calcification in fully aquatic versus amphibious killifishes. Next, we acclimated the model amphibious killifish Kryptolebias marmoratus to terrestrial conditions for four weeks to assess changes in calcification. To test the respiratory function hypothesis, we acclimated model killifishes (K. marmoratus and guppies Poecilia wingeii) to conditions of increased respiratory demand (aquatic hypoxia or warm water) to assess phenotypically plastic responses. We also measured the resistance of the gill basket to water flow with and without the presence of filament calcification. If calcification prevents inspired water from escaping between the tips of the filaments, gill resistance should decrease in response to experimental decalcification of the filaments.
Methods

(a) Experimental animals
To investigate patterns of gill filament calcification in killifishes and their relatives, we opportunistically acquired specimens (n = 106 species, 1-15 individuals per species) available through the pet trade, during fieldwork or that were donated by other researchers. Species examined, sample sizes and acquisition information are provided in electronic supplementary material, table S1. While a comprehensive survey of approximately 30 000 fishes was beyond the scope of our present study, we included some representatives from closely related orders, including silversides (Atheriniformes) and medaka (Beloniformes), as well as more distantly related groups (e.g. Centrarchidae, Cichlidae, Cyprinidae, Salmonidae) to assess the prevalence of filament calcification in phylogenetically diverse fishes.
We conducted a series of laboratory experiments on the model cyprinodontiforms K. marmoratus (strain 50.91 [18] ) and P. wingei to study the functional role of gill filament calcification. Fishes were acquired from a breeding colony maintained at the Hagen Aqualab, University of Guelph and raised under constant conditions (12 h : 12 h light : dark cycle, 25°C) in 15‰ brackish water (K. marmoratus) or freshwater (P. wingei) and fed freshly hatched Artemia nauplii three times per week.
(b) Staining and clearing
To visualize the gill skeleton, freshly euthanized fish were lightly fixed (2% paraformaldehyde in phosphate-buffered saline, pH 8.0) for 2 h at room temperature, and then stored in 70% ethanol (4°C) prior to staining. A few donated samples were placed directly in 70-95% ethanol when paraformaldehyde was unavailable; pilot experiments using K. marmoratus showed this method of tissue storage did not affect staining results. Gill baskets were dissected and stained with an acid-free mixture of Alizarin red (calcium stain, 0.1%) and Alcian blue (cartilage stain, 2%) in 70% ethanol (3-5 days at room temperature) as described in detail elsewhere [19] . Note that this method of staining (acidfree) differs from conventional acid differentiation of Alcian blue staining, as the acid reduces or eliminates calcium staining in the filaments. Samples were cleared in a descending series of potassium hydroxide in glycerol [19] , left-side arches were mounted in 70% glycerol, and brightfield photographs were taken with a Nikon Eclipse 90i microscope. The calcified and total length of six filaments (three afferent, three efferent) at the midpoint of the first gill arch were measured in ImageJ. The proportion of filament that was calcified did not depend on filament position (i.e. afferent versus efferent, paired t-test p = 0.89), so we simply used the mean of the six measurements for each individual in subsequent analyses.
(c) Phylogenetic analysis
A phylogeny of the fishes we studied was assembled in RStudio from previously published trees using the package phytools [20] . We used the recently published Cyprinodontiform phylogeny from [21] as our backbone, and first removed all of the species that we did not examine. Next, we added branches for each additional species we studied that were not included in [21] from a variety of published sources: Atheriniformes [22] , Nothobranchiidae [23, 24] , Rivulidae [25] [26] [27] , Fundulidae [28, 29] and Cyprinodontidae [30] . When divergence time estimates within the order Cyprinodontiformes differed between phylogenies, we re-scaled the branch lengths to match the divergence time provided by [21] using the node closest to the species of interest that was shared by both trees. Divergence time estimates for more distantly related orders were obtained from [31] .
To observe the pattern of gill filament calcification among killifishes, we first performed ancestral state reconstruction using the fastAnc function in phytools. Next, we assessed phylogenetic signal, a measure of how much interspecific variation in calcification is determined by phylogenetic relatedness. We evaluated phylogenetic signal using five of the most common test statistics (Abouheif's C mean , Moran's I, Blomberg's K and K*, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192796
Pagel's λ) using the phyloSignal function of the phylosignal package [32] . We investigated local indicators of spatial association to determine the specific taxa that exhibited phylogenetic signal (significant Moran's I i ) using the lipaMoran function. While the cyprinodontiform phylogeny seems relatively well resolved at the genus and family levels, species-level relationships are less certain. We therefore focused on clade-level patterns and minimized the effects of terminal branch length by basing the proximity matrix on the number of nodes in the phylogeny (argument prox.phylo = 'nNodes'). We categorized fishes as amphibious using previous characterization in the literature [15] , supplemented by the original observations of amphibious behaviour in a few species (Aphyosemion gabunense, A. primigenium, A. striatum, Aplocheilus panchax) that we held in the lab prior to use in this study. We compared the extent of gill filament calcification in fully aquatic versus amphibious killifishes using phylogenetic generalized least-squares implemented using the R package picante under Brownian (correlation = corBrownian), Ornstein-Uhlenbeck (correlation = corMartins) and null models (no phylogenetic consideration) of trait evolution.
(d) Plasticity of filament calcification
To investigate the environmental responsiveness of gill filament calcification, K. marmoratus were acclimated (28 days) to terrestrial conditions (n = 18, aquatic control n = 17), progressive aquatic hypoxia (10.6 [start]-4.3 [finish] kPa O 2 ; n = 15, normoxic control n = 16), warm water (30°C, n = 12, control = 25°C, n = 11) or freshwater versus seawater (35‰, each n = 26), as described previously [33] . Terrestrially acclimated fish were held on a moist filter paper substrate [34] . All other fish were held in mesh-bottomed holding containers (120 ml) suspended in water. Oxygen saturation was decreased by 2 kPa every 7 days and was maintained by an automated control system (Oxy-reg, Loligo Systems, Tjele, Denmark) that displaced O 2 by bubbling N 2 gas. To test the generality of plastic responses, we also acclimated guppies P. wingei to the same aquatic hypoxia (n = 14, control n = 13) and elevated temperatures (each n = 10); this species would not survive terrestrial or seawater acclimation. To facilitate comparison, both species were held in freshwater for these experiments. Fish were fed Artemia nauplii three times per week during the acclimation period except for fish in the terrestrial acclimation experiment. Kryptolebias marmoratus are unable to feed while out of water, so in this experiment the aquatic control group was similarly starved.
Immediately after the acclimation period, fish were bathed in a 0.2% calcein solution (Fisher Scientific; pH 7.0, 20 min) to label newly deposited calcium [35] . Fish were then gently transferred to three baths of clean water (5 min each) to remove excess calcein and euthanized with an overdose of tricaine methanesulfonate (MS222; 500 mg l −1 ). Gills were quickly dissected, right-side arches mounted in 50% glycerol, and photographed using the FITC channel of a Nikon Eclipse 90i microscope. All samples were photographed using identical microscope and camera settings. Arches from the left side were placed in Alcian/Alizarin double stain, and the extent of filament calcification was determined as described above. Fluorescent intensity and the proportion of calcification of six filaments at the midpoint of the arch were compared within each species and experiment using Wilcoxon rank sum tests.
(e) Gill basket resistance
We measured the resistance of the gill basket with and without calcified gill filaments to test whether stiff filaments maintain the flow of ventilatory water over the lamellae. In each trial (n = 5), a polyethelene catheter (PE-160) was inserted into the mouth of a heavily anesthetized (300 mg l −1 MS222) K. marmoratus and held in place with cyanoacrylate gel. The catheter was attached to a peristaltic pump that provided pulsatile water flow (15‰ brackish water, 300 mg l −1 MS222, pH = 8.1) simulating natural ventilation. An in-line pressure transducer (BP stopcock transducer MLT0670, AD Instruments, Colorado Springs, CO, USA) was connected to the PE tubing between the fish and the peristaltic pump (approx. 10 cm from the mouth), which allowed continuous pressure recording of the buccal chamber. The pressure transducer was calibrated against a water column prior to each experiment. Fish were immobilized in a plastic trough and submerged in an overflowing bath to maintain head pressure from the surrounding water. Given the constant water flow in this set-up, pressure was directly proportional to resistance of the gills. After a 2 h stabilization period (35 ventilations min −1 ), pressure was recorded for 5-6 min at each of five ventilatory frequencies (V f = 35, 80, 115, 150, 185 min −1 ) that represent the normal range of V f from resting to maximal in this species [36] . Peak pressure of each peristaltic pulse (simulating a ventilatory cycle) at each V f was measured in triplicate; preliminary experiments indicated that these measurements were consistent for more than 6 h. The flow of brackish water across the gills was then replaced with a 15% ethylenediaminetetraacetic acid solution (300 mg l −1 MS222, pH 8.1, V f = 35) for 90 min to gently remove the calcified sheath from the gill filaments. Then, the flow through the catheter was switched back to the original water, and pressure was again measured at each of the five levels of V f in triplicate. At the end of the experiment, the polyethelene catheter was cut at the point of insertion into the mouth and non-branchial resistance was measured at each V f ; this was subtracted from each recording to calculate resistance due to the gill basket alone. After each experiment, gills were removed and stained as described above to verify that the filament calcification had been removed. Data were analysed with a two-way repeated-measures ANOVA to test for effects of V f and decalcification on gill resistance.
Results
Every killifish species that we examined had calcification at the filament base, and our ancestral state reconstruction estimated that the gill filaments of the earliest Cyprinodontiform were calcified for approximately 35% (95% CI 24.0-45.8%) of their length. This calcification resembled a 'sheath' that surrounded the base of the supportive cartilage rod, and calcification never extended into the middle of the cartilage (figure 1). In K. marmoratus, filaments positioned in the middle of the gill arch tended to be proportionately more calcified than filaments located at either edge (figure 2). Similar calcification was observed in almost every other percomorph fish studied (but not in the centrarchiform Ambloplites rupestris), but calcification was absent in specimens representing more distantly related families including the Cyprinidae and Salmonidae (figure 3a). The proportion of filament calcification scaled weakly and inconsistently with body size (ANOVA; species × mass p < 0.001, R 2 = 0.026; species × length p < 0.001, R 2 = 0.064). The weakness of this relationship suggests that simply standardizing the proportion of calcification to total filament length accounts for almost all variation due to body size, thus we did not include body size as a covariate in subsequent analyses. There was no difference in the degree of filament calcification between aquatic and amphibious killifishes (Brownian pgls p = 0.59, Ornstein-Uhlenbeck pgls p = 0.24, no phylogenetic consideration p = 0.74; figure 3b ). Each measure of overall phylogenetic signal was significant (C mean = 0.509, I = 0.092, royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 287: 20192796 K = 1.021, K* = 0.438, λ = 0.839; all p < 0.0001), indicating that the extent of calcification (% of filament length that was calcified) was distributed non-randomly throughout the phylogeny. Most of the variation tended to be among clades rather than individual species (Blomberg's K = 1.021). The local indicator analysis (Moran's I i ) showed a pattern of significantly more calcification in Poecilids and Cyprinodon pupfishes, and reduced calcification in annual Nothobranchius killifishes ( figure 3) . The families Aplocheilidae, Cyprinodontidae and Poeciliidae had the most calcified gill filaments, while the Fundulidae and Nothobranchiidae had the least (figure 3c). Generally, the distribution of calcification across the phylogeny appeared to follow a Brownian pattern (λ = 0.839). However, the Ornstein-Uhlenbeck model of evolution provided a better fit for the pattern of calcification than a simple Brownian model (ΔAICc = 22).
Fluorescent intensity of calcein staining in the gill filaments of K. marmoratus significantly increased in response to air exposure (W = 236, p = 0.001; figure 4b), seawater acclimation (W = 221, p = 0.03; figure 4c), hypoxia (W = 182, p = 0.01; figure 4d ) and a 5°C temperature increase (W = 24 p = 0.02; figure 4e ). There was no increase in fluorescent intensity of P. wingei gill filaments after hypoxic (W = 117, p = 0.22; figure 4d ) or warm acclimation (W = 64, p = 0.32; figure 4e ). The proportion of the filament that was calcified did not change in response to acclimation (all p > 0.05; electronic supplementary material, figure S1).
Pressure within the buccal chamber ( proportional to branchial resistance) significantly decreased after decalcification at all values of V f except the highest V f tested (two-way repeated-measures ANOVA, interaction p < 0.05; Holm-Sidak post-hoc p < 0.05; figure 5 ).
Discussion
Our study reveals that gill filament calcification is a widespread feature among cyprinodontiform fishes and may be a trait shared by all percomorphs. The extent of calcification varied substantially (approx. threefold) across the phylogeny, with the gill filaments of Poecilids and Cyprinodontids particularly calcified. Our experimental results strongly support the functional hypothesis that gill filament calcification is a mechanism to improve gill function. We found that increased respiratory demand, during both hypoxic and warm acclimation, caused increased calcium deposition within the already calcified region of K. marmoratus gill filaments. Furthermore, experimental removal of the calcified filament sheath decreased the resistance of the gills to water flow across a wide range of ventilation frequencies.
These results indicate that filament calcification plays an important role in maintaining the integrity of the gill basket during aquatic respiration, forcing inspired water through the narrow inter-lamellar channels where gas exchange can occur most efficiently ( figure 6) . Given that many cyprinodontiform fishes are amphibious, we also investigated the hypothesis that gill filament calcification has been co-opted to provide mechanical support for the gills when these fishes emerge from the water. Evidence for this gravitationalsupport hypothesis was equivocal. When comparing across the cyprinodontiform phylogeny, there was no difference in the extent of filament calcification between amphibious species and their fully aquatic relatives, suggesting that life on land has not favoured proportionately more calcified filaments. However, terrestrial acclimation triggered calcium deposition on the already calcified portion of the filaments, which may provide mechanical support while out of water. Thus, amphibious fishes may functionally benefit from calcified gill filaments both while breathing hypoxic water and also when emerged on land.
(a) Phylogenetic patterns of filament calcification
Calcified gill filaments appear to be widespread within the Percomorpha (sensu [31] ), which would imply that approximately 40% of the over 30 000 fish species possess this trait. In addition to the Cyprinodontiformes, we sampled a few species within the Cichliformes and Gobiiformes and found calcification present at the base of the gill filaments. Calcified gill filaments have also been reported in Scombriformes [11, 12] and Gasterosteiformes [13] . However, we found one percomorph species with no filament calcification--the centrarchiform Ambloplites rupestris. Further sampling effort is needed to test whether this represents a loss of filament calcification in this species or if a more intensive survey would reveal some variation within the Percomorpha. Two families within the order Cypriniformes, which diverged from the percomorphs about 250 Ma [31] , have also been found to have a calcified sheath surrounding the cartilage rod of the gill filaments. However, the morphology of this calcification is subtly different from that in the percomorph fishes. In the Cypriniformes, the v-shaped base and the lower portion of the cartilage rod is calcified [13] , while in the percomorphs, the calcification begins above the vshaped base. This anatomical difference suggests that filament calcification evolved convergently in these two clades.
(b) Calcified filaments improve respiratory function
Efficient branchial respiration requires inspired water to pass between the gill lamellae, where the diffusion distance to the blood is shortest [1] . Forcing water through this path requires the tips of neighbouring gill filaments to be interdigitated, otherwise the ventilatory water current will 'escape' between the filament tips through the path of least resistance without offloading oxygen to the blood [37, 38] . This path between the filaments has been called an 'anatomical dead space' [1] or a 'non-respiratory shunt' [38] and is thought to be most problematic for fishes at high rates of ventilation. For example, increased gill ventilation can cause decreased branchial resistance [39, 40] , less efficient oxygen uptake [41, 42] and the separation of adjacent gill filaments [38] .
Our data strongly support the hypothesis that gill filament calcification is a structural mechanism to minimize the loss of water through the non-respiratory shunt. When we gently removed filament calcification with EDTA, we measured a decrease in the resistance of the gills to water flow at all but the highest V f we studied. This result is consistent with our hypothesis that the reduced stiffness of decalcified filaments would cause them to bend in the ventilatory current, thus allowing water to flow through this relatively low resistance pathway ( figure 6 ). At the highest V f , it seems likely that even calcified filaments were not sufficiently stiff to prevent water from escaping through the nonrespiratory shunt. However, we found that acclimation to conditions of increased respiratory demand caused calcium deposition on the filaments of K. marmoratus. This additional calcification would presumably increase filament stiffness and may minimize the loss of inspired water through the non-respiratory shunt, thus increasing respiratory performance. In support of this hypothesis, we previously found that hypoxia-acclimated K. marmoratus could maintain rates of oxygen uptake with much lower ventilation volumes than control fish under a wide range of environmental oxygen tensions [36] . Calcium deposition was not observed in P. wingei acclimated to hypoxia or increased temperatures, however. One possibility is that P. wingei were not as challenged by the acclimation conditions and thus did not require increased gill ventilation. Hyperventilation (increased mechanical loading of the gills) is likely to be the cue for calcium deposition, as calcification of bone and cartilage is usually controlled at the tissue level [43] . Mechanical loading of the filaments in terrestrially acclimated K. marmoratus, which would result from reduced buoyant support in the absence of water, may have similarly caused calcium deposition. Consistent with this idea, we have previously found that gravitational loading out of water increases collagen deposition and stiffness of gill tissue in this species [44] . Filament position can be controlled by muscle in addition to receiving structural support from the cartilage rod. Relatively large adductor muscles connect every filament to the gill arch [2, 45] . Contractions of these muscles serve to move the filaments of a single gill arch closer together, thus increasing the width of the non-respiratory shunt between adjacent arches. This allows for clearing particulate matter from the gills via 'coughing', but also temporarily decreases respiratory gas exchange [2] . Abductor muscles, which position the filaments to close the non-respiratory shunt, are typically very small or absent and the passive mechanical properties of the filaments hold their position in the water flow [45] . Thus, stiffening of the cartilage rod via calcification would provide a simple mechanism to maintain the position of filaments during respiration without requiring muscular support.
(c) Filament calcification in amphibious killifishes
Evidence for the hypothesis that calcified filaments are an adaptation to increase structural support in the gills of amphibious killifishes was mixed. Our data clearly show that gill filaments of amphibious species were not more calcified than those of fully aquatic relatives. Furthermore, the presence of calcified filaments in the fully aquatic sister orders to the Cyprinodontiformes indicates that filament calcification did not evolve in response to amphibious lifestyles. However, our data suggest these amphibious killifishes may have co-opted this trait to enhance gill structural support while on land. We found that the filaments in the middle of the gill arch were the most calcified, and these filaments would also experience the most gravitational load out of water due to their horizontal orientation and cantilevered attachment to the gill arch. Furthermore, calcein staining intensity was more than twofold higher in the gill filaments of terrestrially versus aquatically acclimated K. marmoratus, consistent with our previous report of increased collagen density in gill filaments after terrestrial acclimation in this species [44] . The functional significance of enhanced structural support on land remains untested, but it seems plausible that relatively stiff filaments are less likely to collapse and coalesce, thus maintaining more surface area for aerial gas exchange [10, 44] . Filament calcification in amphibious fishes may therefore serve a dual role by enhancing water flow through the gills under harsh aquatic conditions, and also providing structural support when these fishes move on to land to escape the harshest of aquatic environments.
(d) Perspectives
Our results provide strong evidence that calcification of the gill filaments improves aquatic respiratory function. If this is the case, why do some fishes have minimal calcification (e.g. Nothobranchius), and other species (e.g. salmonids) have none? The multi-functional nature of gills means that their structure and function is the product of a series of trade-offs [1, 2] . Stiff, calcified filaments may be too fragile, have negative consequences for other aspects of gill function, be unsuitable for some environments (e.g. may increase clogging by suspended sediment), or be energetically costly to build and maintain. Different amounts of calcification may also reflect differences in ventilatory mechanisms (e.g. ram ventilation versus buccal pumping), which seems to be the main driver of variation in inter-lamellar spacing [46] .
In many non-perciform clades of ray-finned fishes (e.g. salmonids), the two rows of gill filaments on an arch are connected by a membranous inter-branchial septum that is thought to provide support [1, 2] . However, these septa are reduced or absent in many perciform lineages [47] , and no septa were visible in our killifish gill samples. One possibility is that calcification evolved to replace the supportive function of the septum, although it is not clear whether this would provide a functional benefit or simply be an alternative and equally effective method of support.
Ultimately, our results highlight the importance of the mechanical properties of gill filaments when assessing respiratory performance. Up to now the research focus has been on gill surface area as a functional correlate of respiratory capacity in fishes (e.g. [6, 8] ), with less consideration of the importance of the path of water flow through the gill basket [38] . Variation in filament stiffness, both within and between species, may be an additional feature that 
